Maintaining the engineering health of Marine Renewable Energy Devices (MREDs) is one of the 10 main limits to their economic viability, because of the requirement for costly marine interventions in 11 challenging conditions. Acoustic Emission (AE) condition monitoring is routinely and successfully 12 used for land-based devices, and this paper shows how it can be used underwater. 
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Introduction 25
Marine Renewable Energy Devices (MREDs) are potential future contributors to the global 26 energy mix and associated reductions in greenhouse gas emissions, as acknowledged in the UK [1] 27 and through international policies (e.g. [2, 3] (improving the survivability of devices is another area of current development within the WEC 38 industry). Also, typical weather conditions make marine intervention more difficult or impossible [9] 
39
(WECs are for example located in the areas where large waves are expected for long periods of time). 40 This is compounded by the high costs associated with O&M, using specialised ships and highly 41 skilled labour which might not always be readily available, potentially increasing any downtime. 42 MREDs must therefore be reliable, robust and maintained effectively to reduce the likelihood of 43 unexpected downtime and maintenance. These economies can then translate into more energy 44 generated over longer periods, at lower costs. 45 M A N U S C R I P T
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Reactive O&M involves operating a device until failure occurs, resulting in unscheduled 46 downtime and requiring prompt reaction. It was adopted in the early years of the wind industry, 47
increasing O&M costs to 25% of the total incomes generated by offshore wind turbines [10] . 48 Analyses of 750 onshore turbines in 1989-2005 showed for example that 75% of the annual downtime 49 was caused by just 15% of the failures [11] . These figures are expected to be more severe for offshore 50 wind turbines, because of their harsh marine environments, with longer downtimes due to the 51 difficulties of access. For this same reason, MREDs are also likely to encounter severe downtime 52 statistics. Preventive maintenance, with regular inspections and systematic part replacements, can 53 reduce these costs, but it still requires regular downtime and potentially unwarranted replacements of 54 expensive components [12] . Condition-based maintenance is a more efficient and cost-effective 55 approach, scheduling O&M activities based on the actual system health [12] . It traditionally includes 56
in situ tools such as vibration and oil temperature monitoring, and Acoustic Emissions (AE) from the 57 entire devices, or areas of interest [13] . 58
This article investigates the use of AE to remotely monitor an actual WEC device, in this case 59
Fred. Olsen's "Bolt-2 Lifesaver" during its two-year deployment in Falmouth Bay, UK. It should be 60 noted that the entire long-term monitoring data set has been analysed in two publications that focus on 61 the environmental impacts [14, 15] . The purpose of the paper is to explore whether engineering 62 features can be detected within that data set. As such, the scope of the paper is intentionally limited to 63 the detection of engineering features. 64
The structure of the paper is as follows. Section 2 will review expected AE sources in offshore 65 devices, focusing on WECs but adaptable to tidal stream turbines and other MREDs. Section 0 will 66 present the WEC device under consideration, the supporting data (acoustics, environmental and 67 engineering) and the general methodology. Section 4 will show the general contribution of this WEC 68 to the ambient noise levels over its period of activity, comparing operational and non-operational 69 periods, and identifying specific AE from parts of the WEC, in this case the Power Take-Off (PTO). 70 Section 5 will discuss these results, comparing with other published data, identifying the strengths and 71 limits of this approach and showing how it can be extended to other WEC designs. The use of 72 underwater AE, in specific frequency bands, is potentially capable of reducing O&M costs and 73 increasing WEC reliability, hence improving the viability of this industry as a significant contributor 74 to energy production. 75
Acoustic Emissions from Marine Renewable Energy Devices 76
The release of energy within materials, associated for example to wear and tear of components or 77 to part failure, generates sound waves, propagating in solids and/or fluids. Noise signal was a better parameter to sense the occurrence of cavitation (than traditional methods).
[32]
Rope Fibre and wire rope fractures and breaks
In air 100 kHz -600 kHz Impulsive 1-to-1 correlation between AE events and broken fibres/wires. No information at frequencies < 25 kHz due to non-propagation of shear waves in water.
[20]
These results are summarised in Table I Acoustic Recorders (AMAR Generation 2, from Jasco Applied Sciences) were used, due to their high 148 storage capacity (1 TB) [38] , suitable for long periods of recording, and for their ease of deployment. 149
Two AMARs were used in turn: when one was recovered and uploading data, the other was deployed 150 
RL = SL -10logR
Eq. 175
(2) 176 where RL is the received level (dB), SL is the source level (dB) and R is the distance from the 177 source (m) (Richardson et al. 1995) . Absorption loss also occurs which increases with frequency: 178 a = 0.036 f 1.5 Eq. (3) 179 where a is the absorption coefficient (dB km -1 ) and f is the frequency (kHz) [41] . Transmission loss 180 resulting from cylindrical spreading (as expected in shallow water) and absorption loss is given in Fig.  181 2. There is between -20 and -25 dB transmission loss at 200 m at all frequencies presented (10 Hz -182 100 kHz). Therefore, AE signals from a WEC 200 m away at expected source levels are considered 183 likely to be detected over background noise and suitable for condition monitoring purposes. 184 
Data analysis 193
The data has been analysed from two different perspectives: (1) Figure 7 ). Time is represented along the horizontal axis, 209 frequency along the vertical axis, and STFT-derived PSD are colour-coded. STFT windows will show 210 different features according to their sizes: large windows provide good frequency resolution but poor 211 time resolution, whereas small windows provide the opposite. Multiple window sizes were tried 212 during these analyses to best identify and characterise acoustic features related to AE from the WEC. 213
Results 214
Average noise contributions from the WEC 215
AMAR recordings cover the time span two weeks before the WEC installation and can be 216 compared to earlier studies of background noise levels, e.g. from shipping, in the exact same area 217
[35]. The highest sound levels in this study were recorded during installation activities, with a median 218 PSD difference of 8. Comparison of operational and non-operational sound levels (Figure 3 ) however shows more 229 important differences in the frequency range 30-100 Hz, peaking at 47 Hz (although the peak 230 frequency varied slightly for each deployment). These differences appear small overall (less than 1 231 dB) but further analyses reveal more significant differences. 232 233 
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AE-related acoustic features 237
The operational status from the device developer was matched to 30-minute acoustic segments 238 (Section 3.3) and tonal noises were regularly identified at multiple frequencies (Figure 4 ). The 239 spectrum shows high-amplitude tones at 30 Hz and 60 Hz, respectively 18 dB and 25 dB above the 240 spectrum for conditions where the device was not operational. A marked difference can be observed 241 in comparison to Figure 3 . This is due to the large difference in shown time period. 
247
The authors have been given access to the detailed operational log book from Fred Olsen 248
Renewables for a period of time where both acoustic and environmental data were available. This 249 allowed the exclusion of data where maintenance vessels were on site, as well as verification of the 250 operational conditions after the acoustic data analysis. A list of relevant segments of 30 minute 251 observations is presented in Table II . 252 
255
The observations are related to the status of the Power Take-Off (PTO) system, the main 256 component of the WEC (Section 3.1), and to the wave parameters. The PTO's working principle is 257 described in [37] : it basically consists of a winch and rope system ( Figure 5 ), with a primary and a 258 secondary mooring line. Samples of the spectrograms and the individual sound files outlined in Table  259 II are available as supplementary data to this paper. A combination of gear-boxes and a pulley system 260 converts linear motion into rotational motion and finally into electrical power through a generator. 261
They are thought to be the causes of the tonal noises seen in the AE measurements ( Figure 5 , Table  262 II). 263
Engineering assessments of the PTO showed it operated successfully during the 2-year 264 deployment, although some oscillations were initiated at production saturation level [37] . At high sea 265 states, the PTO winch and floater underwater produced rapid movement. When active, the PTO was 266 tightly moored to the seabed: the floater and primary mooring system exerted forces in opposite 267 directions. When waves were high, the belt-winch hit the end stop, leading the tightly moored belt and 268 floater to produce rapid vibrations ( Figure 6 ). This is believed to be caused by the dynamic response 269 of the primary mooring, resulting in an aggregate system response [37] . 270 (Table II) shows this PTO 280 signature is only detected when averaged measured wave heights reach above 0.9 m, as this is the 281 'cut-in' wave height of the device. Spectrograms such as Figure 7 also show tonal components 282 centred on 100 Hz and intermittently between 200 -300 Hz. This acoustic behaviour has been 283 observed throughout the data recordings (Table II) Both methods of analysis in this paper were able to identify tonal elements to the WEC signal. In 296 Figure 3 , the difference between operational and non-operational median PSD show contributions 297 from frequencies 30 -100 Hz up to 1 dB re 1 µPa 2 Hz -1 . However when considering just 30 minutes 298 of recordings, Figure 4 captures individual tonal elements within the same frequency range 299 contributing up to 90 dB. This is believed to be associated with the WEC generator. This is not the 300 first case of relatively low frequency noise elements being detected from WEC engineering 301 components [19] . Tougaard [45] reported a 150 Hz tonal noise at 121-125 dB during the start and stop 302 of the converter caused by the hydraulic pump of Wavestar WEC, although data was collected for the 303 M A N U S C R I P T A C C E P T E D The development of such condition monitoring will also be of benefit to environmental impact 334 assessments, allowing the identification of device components that are particularly noisy or faults that 335 produce elevated noise levels than typical operations. 336
However, there are currently a number of limitations to this new method of condition monitoring 337 for MRE devices to be considered. The novelty of this method means that it is still being developed 338 and tested. The identification of appropriate components to monitor needs to occur through specific 339 component testing, and the feasibility of this system in practise and in the field needs to be explored. 340
Yet, the results presented in this paper give initial confidence that this method is feasible. Another 341 practical challenge is the amount of acoustic data recorded, meaning that efficient data acquisition, 342 signal processing techniques and the storage/transmission of data will be vital to the success of a 343 remote and continual monitoring system. 344
In this study, another limitation was the use of only one hydrophone. The use of multiple 345 hydrophones would have allowed the identification of the direction (bearing) of the sound source 346 locations through time-of-arrival triangulation. This would be of particular interest when considering 347 device arrays, to detect a device among many. One concern regarding commercially available 348 airborne AE systems is the "false alarm" rate [49] . The use of multiple sensors would allow for a 349 more accurate decision as to the reality of a signal by comparing multiple recording of the same 350 acoustic signature. 351 M A N U S C R I P T In order to improve the viability of MRE the cost of operation and maintenance activities must be 373 reduced. Condition based maintenance has proved successful in other renewable energy sectors and 374 the underwater environment in which MRE devices reside provides an opportunity to develop 375 underwater Acoustic Emission as a remote condition monitoring tool. Acoustic data from a 2-year 376 deployment of the Fred. Olsen Lifesaver WEC at FaBTest in Falmouth Bay (UK) has been processed 377 using detailed time series and frequency analysis. While the contribution of the WEC was found to be 378 insignificant overall in an active port, results show bursts of sound, 0.5 s in duration and up to 90 dB 379 re 1 µPa 2 Hz -1 , that were related to the PTO of the device. It was possible to connect this acoustic 380 signature to both the system dynamics and the changing environmental conditions. This is the first 381 step towards the implementation of this novel method of underwater AE condition monitoring for 382 MRE devices and components. In order to fully analyse the two year data set, we are currently 383 developing automated data processing algorithms which are based on the acoustic signature profiles 384
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presented. As such, a complete statistical analysis and evaluation of the full data set will be the subject 385 of a subsequent paper. These first results demonstrate the feasibility of remote monitoring of the health and performance of Marine Renewable Energy Devices using their Acoustic Emissions.
